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Uncovering a Shared Epitope–Activated Protein
Citrullination Pathway

Vincent van Drongelen,1 Wahida H. Ali,1 and Joseph Holoshitz

Rheumatoid arthritis (RA) is closely associated with shared epitope (SE)–coding HLA-DRB1 alleles and circulating anticitrulli-

nated protein Abs (ACPA), but neither the respective pathogenic roles of SE and ACPA in RA nor the mechanisms underlying

their coassociation are known. It was recently shown that the SE functions as a signal transduction ligand that activates a cell

surface calreticulin-mediated, proarthritogenic, bone erosive pathway in an experimental model of RA. In this study, we dem-

onstrate that stimulation of murine macrophages with LPS or DTT facilitated cell surface translocation of calreticulin, which in

turn enabled increased SE-activated calcium signaling and activation of peptidylarginine deiminase with the resultant increased

cellular abundance of citrullinated proteins. The i.p. administration of LPS to transgenic mice carrying a human SE-coding

HLA-DRB1 allele lead to increased serum levels of TNF-a and anticitrullinated cyclic peptide Abs, along with terminal phalanx

bone destruction. These data uncover a previously unknown signal transduction pathway by which the SE facilitates protein

citrullination, ACPA production, and bone destruction. The Journal of Immunology, 2020, 205: 579–586.

T
he rheumatoid arthritis (RA) shared epitope (SE), a se-
quence motif in position 70–74 of the HLA-DRb-chain
is a major risk factor for RA (1, 2). Past research has

demonstrated that the SE works synergistically with environmental
factors (3, 4) and confers a higher risk for RA, with earlier disease
onset, more severe bone erosions (5), and formation of anti–
citrullinated (Cit) protein Abs (ACPA). ACPA are more commonly
found in SE-positive rather than SE-negative RA patients (6), but
the cause–effect basis of this association is unknown. Additionally,
although ACPA have been proposed to have effector roles in RA,
dysregulation of peptidylarginine deiminase (PAD) enzymes and
overabundance of Cit proteins in RA tissues have been implicated
as important pathogenic factors as well (7–9).
The mechanisms by which the SE affects susceptibility to

RA and arthritis severity are unknown. The prevailing hypotheses

postulate that the SE allows the presentation of putative self or
foreign arthritogenic Ags (10) or Cit proteins (11) to T lymphocytes,
which help B cells to produce autoantibodies, such as ACPA (dis-
cussed in Ref. 12); however, direct evidence to support these hy-
potheses is scant. We have previously shown that independent of an
Ag presentation role, the SE interacts physically with cell surface
calreticulin (CRT) (csCRT) and transduces intracellular signaling
events, which activate Th17 polarization and osteoclast (OC) dif-
ferentiation that facilitate erosive arthritis in an experimental model
of RA (13–19). Based on these findings, in this study, we investi-
gated whether the SE may contribute to the production of Cit
proteins in RA through signaling events.

Materials and Methods
Reagents and cells

Fluo-4AM was purchased from Life Technologies (Eugene, OR).
Linear 5-mer peptides QKRAA and DERAA as well as 15-mer pep-
tides 65–79*0401 (KDLLEQKRAAVDTYC) and 65–79*0402 (KDI-
LEDERAAVDTYC) were all synthesized and purified (.90%) as we
previously described (17, 18). LPS was purchased from Sigma-Aldrich
(Saint Louis, MO). HiPerFect Transfection Reagent and FlexiTube
small interfering RNA (siRNA) oligonucleotides were purchased from
QIAGEN (Valencia, CA). Protein A/G PLUS-Agarose beads (sc-2003)
were purchased from Santa Cruz Biotechnology (Dallas, TX). Cl-
amidine, a pan PAD inhibitor, was purchased from Calbiochem
(Billerica, MA). YW3-56, a selective PAD2 and PAD4 inhibitor, was
purchased from Cayman Chemical (Ann Arbor, MI). The Antibody
Based Assay for PAD Activity (ABAP) assay kit was purchased from
ModiQuest Research (Nijmegen, the Netherlands). The mouse mac-
rophage RAW 264.7 cell line was purchased from American Type
Culture Collection (Manassas, VA).

Abs

Mouse monoclonal pan citrullination Ab (MABN328) was purchased
from MilliporeSigma (Billerica, MA) and used for immunoblotting of
Cit proteins. Mouse polyclonal pan citrullination Ab (ab6464) was
purchased from Abcam (Cambridge, MA) and used for immunopre-
cipitation. Mouse polyclonal anti–a-enolase (no. 3810) and monoclonal
antivimentin (no. 5741) Abs were purchased from Cell Signaling
Technology (Danvers, MA). Mouse anti–b-actin (BA3R, MA5-15739)
mAb was purchased from Thermo Fisher Scientific (Waltham, MA).
ECL HRP-conjugated anti-mouse (NA931VS) and anti-rabbit (N934V)
Abs were purchased from Amersham via GE Healthcare Lifesciences
(Chicago, IL).
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Mice

Transgenic (Tg) mice, expressing cell surface human HLA-DR molecules
containing the b-chains coded by SE-positive HLA-DRB1*04:01 or SE-
negative HLA-DRB1*04:02 alleles (20, 21), were kindly provided by
Dr. C. David at the Mayo Clinic and are referred to as Tg 0401 and Tg
0402, respectively. Experiments were carried out in 10–12-wk-old female
mice and housed in a specific pathogen-free, temperature-controlled room
(25˚C) with a 12-h dark and 12-h light cycle. All protocols for mouse
experiments were approved by the University of Michigan Unit for Lab-
oratory Animal Medicine and by the University of Michigan Committee on
Use and Care of Animals. Mice were maintained in accordance with all
applicable federal, state, local, and institutional laws, regulations, policies,
principles, and standards governing animal research.

Cell cultures

RAW 264.7 macrophages were cultured in DMEM medium supplemented
with 10% heat-inactivated FBS and 5% penicillin/streptomycin. Cells were
grown in T75 flasks to confluence and split every 3 d. Cells were used
between passage 6 and 10. Bonemarrow cells were collected from femurs of
age-matched SE-positive and SE-negative female mice and plated in deep,
nontissue culture-treated petri dishes. Bone marrow–derived macrophages
(BMDM) were differentiated using L929 cell conditioned media for 6 d
(10% FBS, 1% penicillin/streptomycin, and 30% L929 cell conditioned
media in DMEM supplemented with 0.5% pyruvate). Medium was changed
on day 3. Mature BMDM were split on day 5 and seeded at appropriate
concentrations for experiments.

Intracellular calcium measurement

RAW 264.7 macrophages were seeded at 5 3 104 cells/well in 48-well
plates overnight. Cells were washed once with PBS, followed by incuba-
tion with 4 mM Fluo-4 in PBS at 37˚C for 30 min. To increase dye access
into macrophages, Fluo-4AM was dissolved in pluronic acid (Invitrogen).
Excess dye was removed, and cells were washed once with PBS. Samples
were then treated with 1 mg/ml LPS or 2 mM DTT in PBS and incubated at
37˚C for 45 min. Macrophages were then equilibrated at room temperature
for 15 min. Baseline fluorescence was measured (excitation 488 nm,
emission 516 nm, time point = before experiment) using a Synergy H1
Hybrid Reader (BioTek Instruments). Then, 15-mer or 5-mer peptides were
added. Fluorescence was measured every 5 min for 60 min. For BMDM,
experiments were conducted as above, except measurements were collected
during LPS treatment.

In some experiments, brefeldin A (10 mM; Sigma) was added to cell
culture media 1 h prior to Fluo-4 incubation. In other experiments, cell-
permeable calcium chelator 1,2-bis(o-aminophenoxy) ethane-N,N,N9,N9-
tetraacetic acid (BAPTA-AM, 2.5 mM; Invitrogen) was added 15 min prior
to the addition of peptides. In knockdown experiments, siRNA was incu-
bated with cells for at least 24 h prior to Fluo-4 addition.

PAD activity assay

Samples were lysed using PAD lysis buffer (20mMTris-HCl, 10mM2-ME,
100 mM NaCl, 10% glycerol, and EDTA-free protease inhibitor) followed
by sonication and removal of cell debris by centrifugation. The ABAP assay
(22) was performed according to manufacturer’s instructions, with the
exception that it was performed using calcium-free buffers only. To this
end, samples were loaded in lysis buffer without the manufacturer’s
calcium-containing buffers. Additionally, following incubation with de-
amination buffer and prior to the addition of samples, wells were washed
three times with TBST and twice with TBS to remove excess calcium. This
modification was done to prevent the constitutive activation of PAD while
allowing the determination of inducible PAD activity only.

Crt knockdown

For Crt knockdown, we used siRNA against either mouse Calr3 (NM_028500
and NM_029782; QIAGEN) or a negative control siRNA (AllStars;
QIAGEN). siRNA oligonucleotides were complexed with HiPerFect
Transfection Reagent in Opti-MEM at a 1:6 ratio. Vesicles were added to
RAW 264.7 macrophages at least 24 h prior to use. The knockdown effi-
ciency was determined by RT-PCR and was 30%.

Protein analysis

To measure Cit proteins, cells were seeded in six-well plates at a con-
centration of 1 3 106 cells/well in the presence or absence of 100 ng/ml of
LPS or 500 mM of DTT and in the presence or absence of 100 mg/ml of SE
15-mer peptide. In some experiments, BAPTA-AM (2.5 mM, Invitrogen)
or PAD inhibitors (Cl-amidine, 5.7 mM, or YW3-56, 1 mM) were added to

cell culture media 1 h prior to LPS and/or 15-mer addition. Cells were
incubated at 37˚C for 16 h and then collected in cold PBS, pelleted, and
frozen at 220˚C. Pellets were resuspended in radioimmunoprecipitation
assay buffer (RIPA buffer, Sigma), and protein concentration was measured
by Detergent Compatible Assay (Bio-Rad Laboratories). Citrullination was
determined either by immunoblotting or tandem liquid chromatography–
mass spectrometry (MS) (Supplemental Fig. 1F, Supplemental Table I).

Immunoblotting

To detect total protein citrullination, 150 mg of protein were separated
using a Novex 4–20% Tris-Glycine Gel and transferred onto a nitrocel-
lulose membrane. Anticitrullination Ab (MABN328) was used to probe for
Cit proteins. All Abs were diluted 1:1000 in 5% BSA in TBST and in-
cubated with the membrane at 4˚C overnight. Membranes were then
washed three times with TBST followed by incubation with the appro-
priate secondary Ab (1:10,000) for 1 h at room temperature. Chemilumi-
nescence (WesternBright ECL; Advansta) was visualized using Omega
Lum C software. Membranes were then stripped using Restore Stripping
Buffer (Thermo Fisher Scientific) according to the manufacturer’s protocol
and reprobed using an anti-actin Ab (BA3R, 1:2500) for 1 h at room
temperature. Quantitation of protein band abundance was performed using
ImageJ software. Quantification of Cit proteins were normalized to actin.

Confocal microscopy

To stain for csCRT, nonpermeabilized cells, as previously described (23),
were stained with anti-CRT Ab (PA3-900) diluted 1:100, followed by a
secondary FITC-labeled anti-rabbit Ab (sc-2012). Excess Abs were re-
moved between each step by PBS. Coverslips were mounted using
VECTASHIELD with DAPI. Confocal images were acquired at room
temperature on a Leica SP53 Inverted Two-Photon Fluorescence-Lifetime
Imaging Microscopy Confocal using a 633 objective.

Mass spectroscopy of Cit proteins

Immunoprecipitated Cit protein bands (Supplemental Fig. 1E) were ex-
cised, and gel slices were destained with 30% methanol for 4 h. Pro-
teins were digested overnight with a sequencing-grade, modified trypsin
(Promega). The tryptic digests were resolved on a nano-capillary reverse
phase column (Acclaim PepMap C18, 2 mm, 25 cm; Thermo Fisher Sci-
entific) using a 1% acetic acid/acetonitrile gradient at 300 nl/min and di-
rectly introduced to Orbitrap Fusion Tribrid Mass Spectrometer (Thermo
Fisher Scientific, San Jose, CA). First-stage MS (MS1) scans were ac-
quired at 120 K resolution. Data-dependent high-energy C-trap dissocia-
tion tandem MS spectra were acquired with a top speed option (3 s)
following each MS1 scan (relative capillary electrophoresis∼32%). Pro-
teins were identified by searching the data against the Mus musculus da-
tabase (UniProtKB) using Proteome Discoverer (v1.4; Thermo Fisher
Scientific). Search parameters included MS1 mass tolerance of 10 ppm and
fragment tolerance of 0.2 Da, and two missed cleavages were allowed;
carbamidomethylation of cysteine was considered fixed modification, and
oxidation of methionine and citrullination of arginine were considered as
potential modifications. Percolator algorithm was used for discriminating
between correct and incorrect spectrum identification. The false discovery
rate was calculated at the peptide level, and peptides with ,1% false
discovery rate were retained. Once analyzed by the software, the top 10%
of hits were reviewed manually. Only peptides that possessed the mass
shift and an arginine that could be Cit were considered validated.

In vivo experiments

The i.p. injections of either PBS or LPS (50, 250, or 500 mg/kg) were
performed in 12-wk-old female Tg 0401 and Tg 0402 mice. For long-term
experiments, mice were injected once every 7 d for 42 d. Final injections
were performed on day 42, 4 h prior to sacrifice, at which time serum and
limbs were collected for analysis. Serum was analyzed using ELISA for
TNF-a (R&D Systems), total IgG (Innovative Research), and anti-CCP
(TSZ ELISA, no. M1188), according to the manufacturer’s protocol, and
for PAD activity using the ABAP assay as described above. Limbs were
used to determine bone erosion via x-ray and micro computed tomography
(micro-CT) scans.

Bone imaging

Radiographs were taken using a microradiography system (Faxitron,
Wheeling, IL) with the following operating settings: 27 peak voltage,
2.5 mA anode current, and an exposure time of 4.5 s. Coded radiographs
were evaluated blindly. Rear paw terminal phalanx osteolysis were scored
based on the number of affected digits on a 0–10 scale.

580 A NEW PROTEIN CITRULLINATION PATHWAY

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1901108/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1901108/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1901108/-/DCSupplemental


For micro-CT, limbs were dissected, fixed in 10% formalin, and stored in
70% ethanol. Limbs were scanned ex vivo by a micro-CT system (eXplore
Locus SP; GE Healthcare Pre-Clinical Imaging, London, ON, Canada) in
distilled water. The protocol included a source powered at 80 kVand 80 mA.
In addition to a 0.508-mm AL filter, an acrylic beam flattener was used to
reduce the beam-hardening artifact. Exposure time was defined at 1600
ms/frame with 400 views taken at increments of 0.5˚. With four frames
averaged and binning at 2 3 2, the images were reconstructed with an
18-mm isotropic voxel size.

Statistics

Unless otherwise specified, unpaired t tests, assuming Gaussian distribu-
tion, with Welch correction were used to measure significance. Holm–
Sidak method (each row analyzed individually, not assuming consistent
SD, a = 5%) was used to determine significance in calcium signaling
experiments. Significance is depicted in figures as follows: *p , 0.05,
**p , 0.01, ***p , 0.001, and ****p , 0.0001.

Results
The SE ligand activates protein citrullination in vitro

We have previously demonstrated that synthetic 15-mer and 5-mer
peptides that express the SE sequence motif act as signal trans-
duction ligands that interact with csCRT and activate a pro-
osteoclastogenic pathway (13–19). To investigate whether the
SE ligand may be directly involved in protein citrullination, in this
study, we first examined the ability of 5-mer and 15-mer peptides
that express a DRB1*04:01-coded SE motif QKRAA to increase
intracellular calcium. To optimize the conditions for interaction
between the SE ligand and its receptor csCRT, mouse RAW 264.7
macrophages were pretreated with LPS or DTT, which are known to
induce endoplasmic reticulum (ER) stress, leading to translocation

of CRT to the cell surface (24–27). Indeed, RAW 264.7 macro-
phages treated with either LPS or DTT did display increased
csCRT as did, to a lesser extent, those that were treated with the
15-mer SE ligand alone (Supplemental Fig. 1A). Increased ex-
pression of csCRT enabled SE ligand-activated intracellular cal-
cium increase (Fig. 1A–D). When applied alone, neither LPS
(Fig. 1A) nor DTT (Fig. 1B) could activate calcium signaling,
suggesting that cross-talk between the SE and the ER stressor
pathways is required. The signal was sequence specific as it could
be induced only by peptides containing the SE motif (Fig. 1C, 1D)
and was SE ligand dose-dependent with an EC50 = 336.2 mM
(Supplemental Fig. 1B, 1C). We also confirmed that SE-activated
signaling was csCRT dependent because inhibition of Crt trans-
location (Fig. 1E, Supplemental Fig. 1D) or Crt silencing (Fig. 1F)
blocked the signal. Together, these findings indicate that ligand–
receptor interaction between the SE and csCRT activates intra-
cellular calcium signaling.
We next examined whether SE ligand-activated calcium sig-

naling leads to increased PAD activity. To determine enzymatic
activity in response to treatment rather than a reflection of PAD
enzyme abundance, we measured the activity in the absence of
exogenous calcium, using calcium-free buffers for lysis and assays.
LPS-pretreated RAW 264.7 macrophages stimulated with the
15-mer peptide showed a significant immediate (within 1 h) in-
crease in PAD activity (Fig. 2A). LPS and SE ligand alone also
tended to increase PAD activity, but these did not reach statistical
significance. Following an overnight incubation of RAW 264.7 cells
with LPS plus the SE 15-mer peptide, a significant increase in
protein citrullination was observed (Fig. 2B, 2C). The citrullination

FIGURE 1. Synthetic SE ligands increase intra-

cellular calcium in RAW 264.7 macrophages. Cells

were pretreated for 1 h with LPS [1 mg/ml, (A)] or

DTT [2 mM, (B)] without (none) or with the sub-

sequent adding of 400 mg/ml of a 15-mer SE ligand

(65–79*0401), and intracellular calcium was mea-

sured over time. (C and D) Cells were pretreated for

1 h with LPS (1 mg/ml), followed by adding 400

mg/ml 15-mer SE ligand (65–79*0401) or SE

negative (65–79*0402) (C) or 2.5 mg/ml 5-mer SE

ligand (QKRAA) or SE-negative peptide (DERAA)

(D). (E and F) Cells were pretreated with brefeldin

A (BrefA, 10 mM, 1 h) (E) or transfected with CRT

siRNA (F) followed by LPS and 2.5 mg/ml 5-mer

SE ligand (QKRAA) followed by intracellular

calcium measurement over time. Data represent

mean 6 SEM of fluorescence/initial fluorescence

(F/F0) from three (A–D) or two (E and F) inde-

pendent experiments with four biologic replicates

in each.
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was dependent on calcium and PAD activity because a calcium
chelator (BAPTA-AM) as well as inhibition of PAD by Cl-amidine
(a pan PAD inhibitor) or YW3-56 (a PAD2- and PAD4-selective
inhibitor) reduced the levels of protein citrullination (Fig. 2D–F).
MS analysis identified citrullination of several proteins, including
some that have been previously shown to be targeted by ACPA in
RA (28, 29), such as vimentin, a-enolase, histones, and actin
(Supplemental Table I). The identity of two Cit proteins, a-eno-
lase and vimentin, and the involvement of PAD and calcium in
the process was confirmed by immunoblotting (Supplemental Fig.
1F). Thus, taken together, these data indicate that the SE increases
cellular protein citrullination through a calcium-dependent PAD
activation pathway.

Ex vivo effects of constitutively expressed SE in HLA-DR
humanized mice

To determine whether the SE has similar effects in its intact cell
surface conformation, we studied ex vivo BMDM from humanized
mice with the cell surface expression of functional SE-positive
HLA-DR molecules coded by the human HLA-DRB1*04:01 al-
lele (Tg 0401). As a control, we used BMDM from Tg 0402 mice
carrying the SE-negative allele HLA-DRB1*04:02, which codes
for a DRb-chain that differs from the one coded by the *04:01
allele by only 3 aa residues in the third allelic hypervariable region
(residues 65–79) (20, 21).
Consistent with the in vitro findings above, BMDM from Tg 0401

mice, which constitutively express the SE in its natural conformation,
responded to LPS treatment by increasing intracellular calcium
signaling (Fig. 3A). Tg 0401 BMDM also demonstrated significantly

higher constitutive PAD activity, which increased significantly
upon stimulation with LPS (Fig. 3B), as well as increased con-
stitutive expression of csCRT (Fig. 3C) and Cit protein abundance
(Fig. 3D, 3E) as compared with BMDM from Tg 0402. These
findings demonstrate the impact of csCRT expression levels on
PAD enzymatic activity and the abundance of Cit proteins ex vivo.
Furthermore, LPS stimulation produced a significantly higher re-
lease of TNF-a in Tg 0401 BMDM compared with Tg 0402
BMDM (Fig. 3F).

In vivo SE effects in HLA-DR humanized mice

To investigate this pathway in vivo, Tg 0401 and Tg 0402 mice
received weekly i.p. injections of either 250 mg/kg LPS or PBS for
six consecutive weeks. There was no clinical or radiographic ev-
idence of arthritis (data not shown); however, 6/10 LPS-treated
SE-positive Tg 0401 mice developed terminal phalanx swell-
ing (Fig. 4A). In contrast, only 2/10 Tg 0401 mice treated with
PBS and 0/20 SE-negative Tg 0402 mice treated with either
PBS or LPS displayed such swelling (Fig. 4A). When paws
were examined radiographically, Tg 0401 mice treated with
LPS displayed terminal phalanx osteolysis (Fig. 4B). Histo-
logical examination revealed terminal phalanx bone destruc-
tion (Fig. 4C). Comparable radiologic findings were seen in
mice treated as above with low-dose (50 mg/kg) LPS (Supplemental
Fig. 2A).
Serum IgG increased equally in SE-positive Tg 0401 and SE-

negative Tg 0402 mouse lines in response to LPS (Supplemental
Fig. 2B). However, Tg 0401 mice developed significantly
higher serum TNF-a levels (Fig. 4D), PAD activity (Fig. 4E),

FIGURE 2. Synthetic SE ligand increases protein citrullination in RAW 264.7 macrophages. (A) PAD activity in cells stimulated for 1 h with or without

LPS 1 mg/ml in the presence or absence of SE 15-mer peptide (400 mg/ml). (B) Cit proteins in cells incubated overnight with or without LPS (100 ng/ml) in

the presence or absence of 15-mer SE ligand (100 mg/ml). (C) Quantitation of Cit proteins normalized to b-actin from three independent experiments as in

(B). (D) Cells stimulated overnight with LPS (100 ng/ml) and 15-mer SE ligand (100 mg/ml) with or without a calcium chelator (BAPTA-AM). (E) Cells

stimulated as in (D) with or without PAD inhibitors (Cl-amidine, middle lane; YW3-56, left lane). (F) Quantitation of Cit proteins normalized to b-actin

from three independent experiments as in (E). Quantification data in (C) and (F) represent mean and SD from three independent experiments. *p , 0.05,

**p , 0.01.
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and anti-CCP Ab levels (Fig. 4F) compared with the Tg 0402
mice. Increased anti-CCP Abs in these mice was LPS dose
dependent (Supplemental Fig. 2C). Thus, when exposed to
LPS, SE-positive mice develop higher TNF-a levels, PAD
activity, anti-CCP Ab production, and bone erosion. We in-
cluded a summary of these findings in a proposed model
(Fig. 5).

Discussion
SE-coding HLA-DRB1 alleles and ACPA have long been found to
coassociate with RA, but the underlying mechanism for their
coassociation is currently unknown. Although studies by others
have demonstrated increased calcium-dependent PAD expression
in RA synovial macrophages with the resultant increased protein
citrullination (30), the role of the SE in this process has not been
investigated. Based on our previous findings that the SE acts
as a signal transduction ligand that activates proarthritogenic
bone-destroying pathways upon interaction with csCRT (13–19),

in this study, we sought to determine whether the SE ligand can
activate a protein citrullination signaling pathway.
The findings presented in this study uncovered a signal trans-

duction pathway by which the SE facilitates protein citrullination,
ACPA production, and extra-articular bone destruction. To our
knowledge, these findings indicate, for the first time, a signaling
pathway-based mechanism for SE–ACPA association. The prevail-
ing hypothesis concerning this association postulates that the SE
allows HLA-DR molecules to present Cit proteins to T lymphocytes,
with the resultant stimulation of B cells to produce ACPA (11).
However, that hypothesis does not address substantial evidence
implicating dysregulated PAD enzymes and the overabundance of
Cit proteins as important pathogenic factors in RA (7–9).
We have previously demonstrated higher ex vivo rates of OC

differentiation and bone degradation activity in bone marrow cells
derived from SE-expressing Tg 0401 mice (15). Furthermore, cell-
free synthetic SE ligands facilitated arthritis and articular bone
damage in mice with collagen-induced arthritis (CIA) (14, 15).

FIGURE 3. Protein citrullination by endogenous

SE in BMDM. (A) Intracellular calcium in LPS-

treated (1 mg/ml, 1 h) BMDM from SE-negative (Tg

0402) or SE-positive (Tg 0401) mice. Mean + SEM

from three independent experiments with six biologic

replicates in each. (B) PAD activity in untreated (UT)

or LPS-treated (1 mg/ml, 1 h) BMDM. (C) csCRT

(green) in UT or LPS -treated (1 mg/ml, 1 h) BMDM.

Scale bar, 10 mm. Mean + SD of three confocal ex-

periments, five fields/experiment. (D) Anti–Cit pro-

tein immunoblots of BMDM protein extracts from

SE-positive and SE-negative mice stimulated with

or without LPS. (E) Quantitation of total Cit pro-

teins normalized to b-actin. Mean 6 SD of four

independent experiments. *p , 0.05, **p , 0.01,

****p , 0.0001. (F) TNF-a secretion by BMDM

stimulated with or without LPS for 24 h. Mean + SD

of three independent experiments; one-way ANOVA.

*p , 0.05, ***p , 0.001.
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In the current study, interestingly, upon exposure to LPS, unim-
munized Tg 0401 mice showed peculiar erosive bone damage.
Different from CIA mice, the erosive changes observed in this
study spared the joints themselves and affected selectively an
extra-articular bone site, the distal phalanges. The lack of arthritis
could be explained by the fact that different from CIA, the mice
studied in this study were not immunized with a joint-enriched Ag
(collagen type II); however, the reason for the selective effect on
the distal phalanges remains unclear. A possible explanation could
be related to mechanical damage due to terminal phalanges being
subject to repetitive injury in rodents. In this context, it should be
mentioned that spontaneous extra-articular bone damage has been
previously reported in SE-positive Tg mice (31). It is also a known
feature in RA (32), and although uncommon, selective terminal
phalanx osteolysis without joint involvement has been previously
reported in RA as well (33).
The finding that anti-CCPAbs in LPS-treated Tg 0401 micewere

associated with extra-articular bone destruction is consistent with

previous reports that anti–Cit-vimentin Abs activate human and
mouse OC and cause extra-articular bone damage in mice (34).
Interestingly, in that study, the bone-destroying effect of ACPA
was TNF-a dependent, reminiscent of the association among anti-
CCP Abs, bone destruction, and high TNF-a levels demonstrated
in this study. It should be cautioned, however, that despite the
intriguing parallels between that study and our findings, further
research is required to determine the antigenic specificity of anti-
CCP Abs in LPS-treated Tg 0401 mice and whether these Abs are
directly involved in acro-osteolysis.
Consistent with our previous studies (13–19), QKRAA, a core

5-mer amino acid sequence corresponding to the region 70–74 of
SE-expressing HLA-DRb-chains, was found to be essential and
sufficient for activating the pathway, thereby corroborating our
previous conclusion about the role of the SE as a structurally
defined signal transduction ligand. It should be added, however,
that others have suggested that in addition to the 5 aa residues in
position 70–74, residue 11, located in the “floor” of the HLA-DR

FIGURE 4. SE effects in vivo. (A) Representative paw images of PBS- (left) or LPS- (right) treated Tg 0401 mice. The graph on the right depicts the

number of swollen digits in mice given 6 wk i.p. injections of PBS or LPS (250 mg/kg). Cumulative data from two independent experiments. (B) Micro-CT

images of digits from mice treated as in (A). The graph on the right depicts the radiologic scores. (C) H&E staining of a representative rear paw terminal

phalanx from Tg 0401 mice PBS treated (top) or LPS treated (bottom) as in (A). Original magnification 310; inset: original magnification 340. (D) Serum

TNF-a levels 4 h following the administration of the final LPS (500 mg/kg) dose of a 6-wk course. TNF-a was undetectable in PBS-treated mice. (E) Serum

PAD activity in mice injected with LPS as in (A), relative to sera of PBS-treated mice. (F) Circulating anti-CCP Ab levels relative to serum IgG levels of

mice treated as in (A). *p , 0.05, **p , 0.01, ***p , 0.001.
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peptide-binding groove, associates with RA risk as well (35),
suggesting that Ag presentation is involved. However, the role of
residue 11, which is based strictly on imputation of genomics data,
has not been yet functionally validated, and its relevance to RA
pathogenesis has been questioned (36). Be that as it may, we
believe that the SE ligand effect uncovered by us and Ag pre-
sentation are mutually nonexclusive, as previously discussed (37,
38). It is not inconceivable that residues 11 and the SE region
could play complementing pathogenic roles. It is also possible that
whereas residue 11 plays a role in RA risk, the SE plays a dual
role in both susceptibility and pathogenesis. These questions de-
serve experimental examination.
Based on the findings in this study and research reported by

others, we propose a model of SE-associated ACPA (depicted
graphically in Fig. 5). The SE was previously identified as a signal
transduction ligand that facilitates erosive arthritis in mice, indepen-
dent of its purported role in Ag presentation. In this study, we show
that upon exposure to LPS, the SE–CRT signaling pathway facilitates
calcium-dependent protein citrullination in tissue culture conditions.
In vivo, this pathway activates TNF-a production, anti-CCP forma-
tion, and terminal phalanx bone destruction. Together with the pre-
vious reports that showed that the SE induced OC activation and
innate signaling events, the results presented in this study show an
additional RA-relevant signaling pathway that is activated by the SE,
consolidating the notion that the SE acts as a signaling ligand.
It should be added that this study represents a case of interaction

between genetic (SE) and environmental (LPS) factors, consistent

with previous indications that bacterial Ags such as LPS may play
an immune stimulatory role and facilitate autoimmune conditions,
including inflammatory arthritis (39–41).
In summary, the pathway uncovered in this study illuminates a

previously unrecognized functional role of the SE and could
provide an experimental model to explore the role of MHC gene
products in the pathogenesis of inflammatory arthritis. Whether a
similar mechanism is responsible for facilitating ACPA generation
in humans carrying SE-coding HLA-DRB1 alleles and whether
such a mechanism plays a role in human RA disease pathogenesis
remains to be determined.
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